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NOTATION

main rotor lift curve slope, per radian
main rotor coning, rad

first harmonic values of main rotor blade flapping with
respect to control axis, rad

first harmonic values of main rotor blade flapping with
respect to shaft axis, rad

longitudinal component of control axis position, rad
rotor disk area, mRZ, ftz, n?

body axis accelerations, ft/sec?, m/sec?

lateral swashplate control input, rad

lateral cyclic pitch contribution of stabilizer bar, rad
lateral swashplate control bias rigging term, rad
lateral pilot control input, rad

lateral control axis command position with respect to shaft,
rad

lateral component of control axis position, rad

longitudinal swashplate control input, rad

longitudinal cyclic pitch contribution of stabilizer bar, rad
longitudinal swashplate control bias rigging term, rad
longitudinal pilot control input, rad

longitudinal control axis command position with respect to
shaft, rad

constants in linkage equations, cyclic stick to swashplate
motion, rad/in., rad/cm

constant in linkage equation, collective pitch to collective
stick motion, rad/in., rad/cm

constants in linkage equation, tail rotor collective pitch
to pedal motion, rad/in., rad/cm



D main rotor diameter, ft, m

b,,D,,Dy constants in fuselage drag force equations, 1b/(ft/sec)?,
N/ (m/sec)?

fel,fez,fe3 drag areas of fuselage, ftz, m2

F, vertical fin drag constant, lb/(ft/sec)?, N/ (m/sec)?

G1 constant used in ground effect computation

h helicopter rate of climb

hTR height of tail rotor above c.g., ft, m

H rotor H-force in control axis - wind system, 1b, N

Hl’Hz’Hu constants in horizontal stabilizer aerodynamic forces,

1b/ (ft/sec)?, N/ (m/sec)?

I , I ,I ,I inertias in body axis
xx’yy’ zz’ Xz

kl,k2 constants in vertical fin aerodynamic forces, 1b/(ft/sec)?,
N/ (m/sec)?
KB numerator term, combining linkage and damping constants,

of stabilizer bar input to cyclic pitch, sec
K constant in X equation representing ground effect

2 waterline displacement of rotor hub from aircraft center of
gravity, ft, m

ZHS longitudinal displacement of horizontal stabilizer
aerodynamic center from aircraft center of gravity, ft, m
QTR longitudinal displacement of tail rotor hub from aircraft

center of gravity, ft, m

RVF waterline displacement of vertical fin aerodynamic center
from aircraft center of gravity, ft, m

L, constant in fuselage aerodynamic force contribution,
1b/ (ft/sec)?, N/ (m/sec)?

LR body axis rolling moment, due to main rotor, ft-1b, J
LTR body axis rolling moment, due to tail rotor, ft-1b, J
M constant in fuselage aerodynamic pitching moment,

ft-1b/(ft/sec)?, J/(ft/sec)?
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body axis pitching moment, due to fuselage, ft-1b, J

body axis pitching moment, due to horizontal stabilizer,
ft-1b, J

S A

body axis pitching moment, due to main rotor, ft-1b, J

N, constant in fuselage aerodynamic yawing moment, ft-1b/(ft/sec)?,
J/ (m/sec)?

NF body axis yawing moment, due to fuselage, ft-1lb, J

NR body axis yawing moment, due to main rotor, ft-1b, J

NTR body axis yawing moment, due to tail rotor, ft-lb, J

NVF body axis yawing moment, due to vertical fin, ft-1b, J

Pg body axis roll rate, rad/sec

PC main rotor shaft roll rate, wind-control axis system, rad/sec

Q main rotor torque, ft-1b, J

g body axis pitch rate, rad/sec

9 main rotor shaft pitch rate, wind-control axis system, rad/sec

g body axis yaw rate, rad/sec

R rotor radius, ft, m

R3,R2,. . .Rg constants in main rotor force equations, table 3

(s) Laplace operator
S area of aerodynamic surface, ft2, m?
T main rotor thrust, 1lb, N

Ty;,To,. . .T5 constants in tail rotor force equations, table 3

TTR tail rotor thrust, 1b, N
ug x-body axis relative . velocity, ft/sec, m/sec
Uo longitudinal component of relative wind in wind control axis

system, ft/sec, m/sec

up component of relative wind in equations for vertical fin
aerodynamic force, ft/sec, m/sec
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component of relative wind in equations for horizontal
stabilizer aerodynamic force, ft/sec, m/sec

y-body axis relat,ve velocity, ft/sec, m/sec

lateral component of relative wind in wind-control axis system,
ft/sec, m/sec

component of relative wind in equations for vertical fin
aerodynamic force, ft/sec, m/sec

relative wind normal to plane of tail rotor, ft/sec, m/sec
z-body axis reiative velocity, ft/sec, m/sec

vertical component of relative wind in wind-control axis
system, ft/sec, m/sec

component of relative wind in equations for horizontal
stabilizer aerodynamic force, ft/sec, m/sec

main rotor force in control axis system, 1b, N
longitudinal x-body force, due to fuselage, 1b, N
longitudinal x-body force, due to main rotor, 1lb, N

longitudinal distance of aircraft center of gravity forward
of main rotor shaft hub, ft, m

rotor Y-force in wind control axis system, 1lb, N

constant in fuselage aerodynamic force contribution, 1b, N
main rotor force in control axis system, 1b, N

lateral y-body force, due to fuselage, 1b, N

lateral y-body force, due to main rotor, 1lb, N

lateral y-body force due to tail rotor, 1lb, N

lateral y-body force, due to vertical fin, 1b, N

rotor height above ground plane, ft, m

main rotor force in control axis system, 1lb, N

vertical z-body force, due to fuselage, 1b, N

iv




vertical z-body force, due to horizontal stabilizer, 1b, N

vertical z-body force, due to main rotor, 1lb, N
vertical fin angle of attdek; rad

horizontal stabilizer angle of attack, rad

maximum flapping amplitude of main rotor with respect to

shaft, rad
aCRY

rotor Lock number for one blade, p I
B

rotor mean blade drag coefficient

constants in rotor drag equatibn

stabilizer bar flapping constants, rad

pilot's lateral stick displacement, in., cm
pilot's collective stick displacement, in., cm
pilot's longitudinal stick displacement, in., cm
pilot's pedal displacement, in., cm

horizontal stabilizer incidence angle, rad
aircraft pitch attitude Euler angle, deg, rad
main rotor collective pitch

tail rotor collective pitch, rad

main rotor inflow ratio

main rotor advance ratio

sea level air demsity, slugs/ft3, kg/m3

rotor solidity

stabilizer bar time constant, sec

control axis response time constant, sec
aircraft roll attitude, rad

amplitude of total cyclic pitch control input, rad
phase angle of cyclic rigging, deg

v



¢ phase (with respect to body axis) of total cyclic pitch
control input, rad

[ aircraft heading, rad

Q rotor rational speed, rad/sec

Subscripts

TR tail rotor

VF vertical fin

HS horizontal stabilizer

IC initial conditions - trimmed conditions for the helicopter
m model

vi




A MATHEMATICAL FORCE AND MOMENT MODEL OF A UH-1H
HELICOPTER FOR FLIGHT DYNAMICS SIMULATIONS
Peter D. Talbot and Lloyd D. Corliss

Ames Research Center, NASA
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Ames Directorate, USAAMRDL, AVRADCOM

SUMMARY

A model of a Bell UH-1H helicopter was developed to support several
simulations at Ames Research Center and was used also for development work
on an avionics system known as the V/STOLAND system at Sperry Flight Systems.
This report presents the complete equations and numerical values of constants
used to represent the helicopter.

Responses to step inputs of the cyclic and collective controls are shown
and compared with flight test data for a UH-1H. The model coefficients were
adjusted in an attempt to get a consistent match with the flight time
histories at hover and 60 knots. Fairly good response matching was obtained
at 60 knots, but the matching at hover was not as successful. Pilot evalua-
tions of the model, both fixed and moving base, were made.

INTRODUCTION

The mathematical force and moment model described was developed to
satisfy the need for representing the dynamics of a UH-1H helicopter for
piloted simulation. The model was developed specifically for use in flight
dynamics investigations and for simulation of terminal-area guidance and
navigation tasks. It has been used in simulations for the development of
software for the navigation and guidance programs of an avionics system known
as V/STOLAND and for the investigation of the effects of failures of
stability augmentation elements of the control system (see ref. 1).

The equations, representing the nonlinear contributions of the components
of the helicopter to the force and moments were assembled from many sources.
The equations are in general form so that changes can be made to represent
helicopters other than the UH-1H. The model employs a quasi-static main
rotor representation, uniform inflow over the rotor disc, and simple
expressions for the contributions of the tail rotor, fuselage, and empennage.
No interference effects between components were modelled. In the simulation,
the equations were used in a standard digital program, partially described
in reference 2 which incorporates the equations of motion, variations in
the atmosphere, and routines for interfacing with analog equipment for




driving instruments, providing control forces, etc. Simulations have been
conducted with an EAT 8400 computer.

The model was evaluated by comparing its response to step inputs with
those obtained in flight on a UH-1H helicopter, and subjective pilot assess-
ments. The pilot evaluations were obtained during both fixed and moving-base
simulations.

HELICOPTER FORCE AND MOMENT EQUATIONS

The quasi-static main rotor equations were adapted from reference 3.

The equations for the aerodynamic forces of the fuselage and empennage were
separately derived, based either on available wind tunnel data of reference 4
or standard textbook wing theory, modified to approximate stalled conditions.
An approximate representation for the tail rotor was derived; however, in its
original form it did not correctly predict tail rotor damping. The form of
the equations was retained with adjusted constant values used to match the
apparent tail rotor damping seen in the flight test data yaw responses.

The equations represent aerodynamic forces and moments contributed by
each component of the helicopter. The net results are three aerodynamic
forces and three aerodynamic moments applied in a body-axis system. The
origin of the body system is the helicopter c.g. The z axis of the reference
frame was taken to be parallel to the main rotor shaft, positive direction
down, as in figure 1.

The constant values used for the coefficients in the equations are
presented in tables 1 and 2. It may be noted that the characteristic
lengths used to compute moments are based on data referenced to the water-
line-buttline~station system of the helicopter, rather than the axis system
defined above. Since the UH-1H has a 5° forward mast tilt, slight discrep-
ancies are introduced by using raw station and waterline values to locate
components of the model. These are thought to be insignificant.

Main Rotor Forces at the Rotor Hub

_ 1, 0% A
T—Rl[60(3+ 2)+2+R2upc] (1)
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This expression was obtained from reference 5, equation (44), p. 195,

Flapping Coefficients

a_ = 0.048 (5)
1 8

a, = T3 [ (5 8+ 20) + Ry, - quc] (©®
1 4

by =Ty 2 (3 va - Ryag - RePc) 7

Advance Ratio

u = (ué + vé)l/2 R7 (8)

Mean Blade Drag Coefficient

§ =26 + GZTZ (9)

Inflow Ratio

This expression is an implicit function and required an iterative
solution in the computer program.

RgT
- K
C 2 +2)l/2 7%

(10)
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The K factor is a ground effect term and represents a reduction in

inflow velocity in ground effect.

The value

match performance data presented in reference 6.

K. =1 -

o (-2/D)/6,
G

Wind Components at the Rotor Hub

= -u - Ww Bls + quH

B~ VB
= -vB - wBAIS - pBQH
= -wg + B g(up = qply) + A o (vy + pply)

Rotor Forces and Moments Resolved Into Body Axes

(a) Forces in control axis system

‘< = HuC . YVC
© ()t ()
HVC YuC
Y, = -~
C 2 2\1/2 2 2\1/2
(uC + VC) (uC + v )
Zo = -T

(b) Main rotor forces in

XR

body axes

= Xo ~ 2cBs

= Yo - 28

ZC + XCBIS + YCAlS

G, (below) was adjusted to

(10a)

(11)

(12)

(13}

(14)

(15)

(16)

(17)

(18)

(19)




(c) Main rotor moments in body axes

LR = YRQH (20)
MR T XRQ'H + ZRxc.g. (21)
NR =Q- YRxc.g. (22)

Pilot to Swashplate Control Equations

Aiep = G5, (23)
Brer = 1% (24)
In this form, no cross-coupling is shown corresponding to control
rigging. In the most general form,

AICP = C'+6a cos ¢p - Clse sin ¢p (25)
B1CP = Cuda sin ¢p + Ci8e cos ¢p (26)

For the UH-1H ¢p is actually 5°. For the simulation ¢p= 0° was used.

Main and Tail Rotor Collective Pitch
CSGC

Bo(8)= TS+1 (27)

The first order lag representation was used to match more closely the
a, acceleration data obtained from the flight test results.

eTR = C66p + C7 (28)

Stabilizer Bar Transfer Functions

The Bell stabilizer bar can be represented by a simple transfer function
which describes its parallel input to the cyclic pitch of the main rotor. It
is characterized by a gain Ky and a time constant, tg, which reflect



respectively the mechanical mixing ratio and the mechanical damper character-
istic of the shaft-mounted bar.

K

B
BlCB(S) = ;;g—:fi'qB(S) (29)
Alcpls) = ?];:%——I PB(S) (30)

The bar has a pronounced effect on the stability and control characteris-
tics of the helicopter. Values of the bar constants were obtained by consul-
tation with Bell Helicopter Company.

Control Inputs to Cyclic Pitch

The control inputs to the rotor cyclic pitch are represented as the
sum of those due to the pilot, stabilizer bar and rigging of the control
system.

B¢ = Bicp * Bies t BicL (31)

A1c = Picp Y A0 T AL (32)

Rotor Control Axis Response to Cyclic Pitch

In this representation, A and B;- are regarded as inputs to the rotor
cyclic pitch. The control axis of the helicopter is then allowed to follow
with a lag related to the rotor Lock number. The terms Ayg and Bjg repre-
sent the instantaneous orientation of the control axis with respect to the
fuselage body axis system (in this case, the main rotor shaft axis).

Bic(®)
Big(e) =5 +71 (33)
R
A ( ) = ;ilgffz_ (34)
15V T T s ¥ 1
R
In steady state, BlS = Blc and Als = A1C'

Thrust T 1is oriented along the control axis and the H and Y forces
are orthogonal to T and each other. Forces H and Y may be viewed
approximately as components of the rotor force normal to the tip path plane
arising from rotor tip path plane excursions from the commanded control axis




position (as in ref. 7) or as unique forces derived in a consistent wind-
control axis system as in reference 3. In this representation, reference 3

was followed. Equations 14 through 19 resolve the T, H and Y forces into
body axes.

Control Axis Pitch and Roll Rates

In equations (1) through (7) the terms q; and pg are used to denote
pitch and roll rates of the control axis in the control axis-wind system.

They are related to the body pitch and roll rates by the following two
equations:

Pc = 7Py - " 9 - 172 (35)
(u2 +v2)'/? (o3 + v2)
~ Ye Ve
ac = 93 (ué + v(2:)1/2 * Py (ué + vé)l/z (36)

Tail Rotor Thrust

_ , 1/21%2 Sg |ug|
Tog = [—T2 + (T2 + T3]6TR|) ] - 1+ 1T, —EZ—- - (T, + TsluBl)vT (37)
where

6. = |6 , 8. > 0.0873

TRI TR

<D
]

, = 0.0873 , 6, < 0.0873

Vp = Vg = Tglmg * Pghpy (38)

Due to memory limitations in the computer, these equations were originally
derived as an economical approximation to the tail rotor thrust of an
isolated tail rotor. (The equations do not incorporate the vortex ring
operating state of the tail rotor or fin interference effects.) They reflect
the main influences of inflow and collective pitch on tail rotor thrust. It
was found that the derivation on which T, was based, grossly underpredicted
the tail rotor damping contribution to N,. It was necessary, therefore, to
adjust the constant empirically to match the flight test results.



Tail Rotor Contribution to Body Forces and Moments

Yrr = Trr (39)
Lrg = YrrPrr (40)
Ner = “Yrrbr (41)

Fuselage Aerodynamics
2

B
Xp = uB(—D1|uB’ + L, P |> (42)
B
Y. = VB(fDZIVBl - Yl'uBI) (43)
Zg = wB(—D3|wB| - LlluB]) (44)
My = Mywpfup] (45)
N_ = -N.v_u (46)

Vertical Fin Aerodynamics

up = ug 47N
Vp = Vg + QVFrB (48)
- 2 2y1/2
sin ag VF/(uF + VF) (49)
-20° < ay < 20°

Yyp = Kvpup + Fvplvel e < ag < 200° (50)
= 2 <] o

Yop = ku + FlvF|vFI 20° < ay < 160 (51)
= - 2 -] ()

Yop = ~kuZ + F v |ve] 200° < ap < 340 (52)

Nor = “Yurtvr (53)




Horizontal Stabilizer Aerodynamics

£
]

A
= +
u = Vg + R, + uBGS + RHSqB Vo (54)

u, = ug (55)

The horizontal stabilizer of the helicopter is connected to the
longitudinal cyclic control and varies in a nonlinear manner with longitudinal
cyclic stick position (table 1).

At the time these equations were developed, data for the UH-1H
stabilizer incidence schedule were not available. Since the UH-1B stabilizer
is linked in a similar manner to the cyclic controls, and table 1 values were
available, they were used in lieu of UH-1H values.

W.

sin a o = (uﬁ N :ﬁ)l/Z (56)
Zy = -Hywyuy - By ~20° 5 opg < 207 (57)
160° < Upg < 200°

z, = -Hyu2 - H || 20° < agg < 160° (58)

z, = Hyul - H,wy v | 200° < ago < 340° (59)

My = Zutus (60)

Total Body Forces and Moments

xp = Xp + X (61) Ly =Lp+ L (64)
YB = YR + YTR + YF + YVF (62) MB = MR + MF + MH (65)
Zy = 2y 2y + I (63) N, =N +N_ +N_ +N._ (66)

B R TR F VF

The form of the equations for the fuselage, horizontal stabilizer and
vertical fin aerodynamics results from using trigonometric functions to
approximate the 1ift and drag curves in wind axes, and then resolving these
forces and relative wind into body axes.



Estimation of Rotor Flapping with Respect to the Shaft

The tip path plane orientation with respect to the control axis is
represented by the values of the flapping coefficients a; and b;. As an
approximation to the actual rotor flapping angle with respect to the shaft
ajg and byg, the following equations were used. They reflect the influences
of the cyclic control inputs A,c and B;¢ and the computed flapping ampli-
tudes a; and b;. The sign convention of reference 5 is followed.

- (67)
8, =23 - blsw
) (68)
big=b ta
a = ¢ cos ¢ Me - ¢ sin ¢ e (69)
1sw t (u2 + v2)1/2 c t (u2 + v2)1/2
C C C C
b = -¢ sin ¢ Me - ¢ cos ¢ ¢ (70)
lsw c t (u2 + V2)1/2 c t (2 4 y2)1/2
C C ( c C)
= -1
¢c cos (cos A1C cos BIC) (7D
tan A
= tan~! {——1C
¢t tan (sin Blc) (72)
The maximum flapping amplitude is given by
1/2
= 2 2
Bm als + bls) (73)

where B, 1is the maximum teetering angle with respect to the rotor mast.
The orthogonal components of flapping in the wind-shaft axis system are
ayg and byg, and ¢, and ¢, are the amplitude of the cyclic input and the
phase of the cyclic input, respectively.

COMPARISON OF HELICOPTER FLIGHT DYNAMICS WITH
MATH MODEL DYNAMICS

A Bell UH-1H helicopter was instrumented and flown at Crows Landing NAS
November 12, 1974 for the purpose of obtaining flight records against which
the simulator model could be compared.
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In this section, the helicopter responses to step control inputs are
compared directly with the math model responses to the same inputs.

Flight Conditions

Two flight conditions are shown: hover out of ground effect and
60 knots level flight., The flight tests were made at nominally sea level
no-wind conditions. The simulator model is shown at standard day, sea level
conditions.

Control Inputs

Step control inputs of from *1.25 cm to +2.5 em (#1/2 in. to *1 in.)
were made in collective, pitch, roll, and yaw controls. The pilot was
instructed to establish a steady flight condition (zero rate of climb, pitch,
roll, and yaw) and then to input and hold the appropriate control for as long
a period as possible before initiating a recovery. These inputs are simu-
lated as true steps in the simulator time history comparisons. Amplitudes
for the simulator inputs are adjusted to conform as closely as possible to
the flight values for linear displacements at the pilot's hand or foot.

Adircraft Configuration
The aircraft flown, and the simulator model, represents a standard UH-1H
(with stabilizer bar) weighing 2800 kg (6158 1b). This weight is the
estimated initial gross weight of the helicopter at the commencement of the
tests. Both the weight and longitudinal center of gravity were derived from
a pre-flight weight and balance of the helicopter, followed by adjustments

for fuel burnoff and personnel transfers prior to the test runs.

The inertia values used for the simulator model are representative values
obtained from unpublished Bell Helicopter Company data.

The vertical center of gravity of the helicopter was not known. The
characteristic lengths used in the model reflect only a reasonable estimate
of its value.

Aircraft On-Board Sensors

The sensors on the aircraft were:

1. Body angular rate gyros sensing roll rate, pitch rate and yaw rate,

2. Vertical gyro sensing Euler attitudes of the aircraft in roll,
pitch, and heading,

3. Body accelerometers measuring body axis accelerations,
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4, Airspeed indicator,

5. Instantaneous vertical speed indicator (IVSI), i.e., rate-of-climb
pressure instrument,

6. Sensors for measuring control displacements at the pilot's hand or
foot: 6, (collective pitch stick), §, (longitudinal cyclic stick),
8§, (lateral cyclic stick), and SP (pedal, or 6pgp pitch input).

Time History Comparisons

The aircraft and model angular rate and attitude responses to the step
control inputs are shown opposite each other in figures 2 through 9. Fig-
ures 2 through 5 are responses to inputs initiated from a steady 60 knot
trimmed forward flight condition. Figures 6 through 9 are responses to inputs
starting from an initial trimmed hover condition.

The format for each figure is the same. The first page consists of
PBs dp and rg versus time for the control input shown at the bottom of the
page. The second page shows the displacement angles ¢, 6 and ¢ and the
vertical acceleration A, for the same control input. Vertical lines on the
flight data denote the beginning and end of the control input. Tick marks on
the model data indicate control input. All pens are zeroed at the end of the
control step on the model data.

The aircraft A, 1s included only for a general trend comparison since
the filtering of this signal was subsequently found to be questionable. The
aircraft IVSI was suspected of having a large lag since radar height position
data did not compare well with integrated instantaneous vertical speed indi-
cator (IVSI) readings. Consequently, a comparison of rate-of-climb response
to collective pitch is not shown. Comparison with radar height data in hover
did show that the rate-of-climb response is a first order type of heave

response (h = Kpdc(1 - e—t/Th)) and that both the time constant and steady
state values were well modeled by the equations.

A direct comparison of the records at 60 knots shows that the primary
responses to the control inputs are reasonably well modeled: pitch rate to
longitudinal cyclic, roll rate to lateral cyclic and yaw rate to a pedal step.
The coupled responses to these same steps show sign differences in some cases,
but the absolute magnitudes of the responses are small. For the pedal step
and the collective step, where the coupled responses are larger, the magni-
tudes and signs of the coupled responses appear to be properly represented.

Attempts to duplicate flight responses in hover were not as successful.
The primary responses are sufficiently well modeled so that the pilot was
given proper cues in the first one to two seconds following a servo failure.
The long term response in pitch rate is exaggerated and the long term
response in roll rate is underpredicted by the model. In addition, strong
pitch coupling is evident in the flight records for both the lateral step

12




input and the pedal step input, a phenomenon not present in the model. The
physical reason for these coupled responses was not understood.

The primary yaw rate response in hover is good. The coupled yaw
responses to lateral cyclic pitch and to collective pitch are satisfactory.

The validation effort was stopped at this point because further attempts
to improve the hover responses were not successful, or it changed the model
adversely at 60 knots. Without more insight into the basic aerodynamics of
the aircraft in hover, it was also difficult to understand how to alter
the equations to obtain the desired results.

The initial responses to servo hardovers were believed realistic enough
to provide the pilot with the appropriate cues to initiate recovery. The
overall dynamics appeared to be adequate to give a reasonable estimate of
aircraft excursions during the recovery from a failure.

Pilot Evaluations

In addition to comparing the model with flight time histories, the
model was operated both in a fixed-base simulator and in a six-degree-of-
freedom moving-base simulator (6 DOF). The model was flown with and without
motion washout in hover, and with motion washout at 60 knots. The flights
without washout were made with open cab and with real outside-world
references. The flights with washout, and fixed base, were made with visual
reference provided by a terrain model.

The model was judged to be realistic at 60 knots by the research pilots
who flew the simulation. However, the model was judged to be difficult
to fly normally in hover by every pilot who flew it. Precise hover and
precise maneuvers around hover at low speeds, including quick stops and
lateral translations, were more difficult with the simulated model than with
the actual helicopter. Motion cues provided by the 6 DOF simulator did not
change the pilot's evaluations.

In spite of this, all pilots were able to adapt themselves to the
simulator and fly quite precisely after a learning period. Precision hover
in the 6 DOF simulator with open cab and no motion washout was possible.

In addition to this, recoveries from roll and pitch servo hardovers were
accomplished, and a precision hover reestablished within the 5.5 m?
of possible simulator travel.

This model was used in a flight control simulation described in ref-
erence 1.
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CONCLUDING REMARKS

The mathematical model of a UH-1H helicopter described in this report
was developed for real time piloted simulation. The model was evaluated
by comparing its dynamics objectively with flight test results and subjec-
tively with pilot evaluations. The model appears to be satisfactory for
flying qualities investigations at forward speeds and usable, but less real-
istic, for hover. The reasons for the discrepancies between flight and
simulation have not yet been determined.

It is believed that enough information has been provided here to enable
a potential user to decide whether the model is suitable for his application.
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TABLE 1.- VARIATION OF HORIZONTAL STABILIZER INCIDENCE

WITH LONGITUDINAL STICK POSITION

Se, GS,
cm in. rad
16.38 ~6.45 0.0224
15.25 -6.00 0174

12,7 -5.00 0
10.16 ~4.00 -.0192
7.62 -3.00 -.0384
5.08 -2.00 -.0541
2.54 ~-1.00 -.0690
0 0 -.0820
2.54 1.00 ~-.0850
5.08 2.00 -.0803
7.62 3.00 -.0628
10.16 4,00 -.0300
12,7 5.00 .0035
15,25 6.00 .0593

16.38 6.45 . 0942
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TABLE 2.- SUMMARY OF UH-1H PHYSICAL CONSTANTS

Main rotor English Metric
Hub precone angle 2.75 deg
Radius 24.13 ft 7.35m
Chord 1.75 ft .53 m
Tip speed (QR) 760 ft/sec 231.6 m/sec
Hub station 133.5
Hub waterline 136.5
Solidity . 046

Tail rotor
Radius 4.25 ft 1.29 m
Chord .70 ft 21.33 cm
Tip speed 740 ft/sec 225.5 m/sec
Shaft station 479.4
Shaft waterline 137.5
Solidity .105

Center of gravity
Most forward sta. 130
Most aft sta. 144
Vertical w.l., 55

Horizontal stabilizer
Area 16.4 ft2 1.52 m?
Span 8.75 ft 2.67 m
1/4 ¢ station 380

Vertical fin
Area 12 ft2 1.11 m?
Span 4.5 ft 1.37 m
1/4 ¢ station 460
a.c., waterline 112

Fuselage
fe 19.2 ft2 1.78 m?
Cry (includes stab.) .036/deg
Cp, (includes stab.) 0
Clq (no horiz. stab.) .02/deg
Cmg (no horiz. stab.) 7.5%1073/deg
Sref 48 ft2 4.46 m?
Lref 39 ft 3.62 m
Mast tilt +5 deg fwd.

Control travels (full throw)
Collective stick 11 in. 27.9 cm
Longitudinal stick 12.9 in. 32.8 cm
Lateral stick 12.6 in. 32.0 cm
Pedals 6.9 in. 17.5 cm
Lateral cyclic rigging 2° left
Longitudinal cyclic pitch +12°
Lateral cyclic pitch +9° to -11°
Tail rotor collective pitch

Full 1. pedal 18°
Full r. pedal -10°

16



*pa3Insax sor3rTenb BurTpuey OTISTTEO1 o1om ATaATIda[qns asneosq pauTelal SBM Ing 101D
UB 03 anp sem pasn anye)\ °9peIq SUO JO BIIISUT UO paseq 7/0°( 29 PINOYS SNTBA TENIDY o

*0) 193dod ieq I1921T7Tqels Jo Surduep
298 ¢°¢ 098 ¢°¢ -IT3H TT1°4 TeOTUBYDSW S3D9TJ9I JURISUO) g,
%2 103 enTea uesu
PBI 840" pex g40° 8 “39y se pasn aJSue auodaad qnyg e
ZN/T 11-01xZ60° z9T/T {{-0Tx828"°T G ‘39¥ N_”.moNAMS«oa.._ £°0 %9
33TT 019z p UOTIdIAS 3peIq
600" Jo °33200 8eIp 9pBTq UBSR %9
£ 40TxSE"ZT AT-33 40TxL0T"6 S ‘Jou 4 ()v°0 & E
N/T ,-0Tx8¢" QT/T ,-0TxSTL°T € *Jo¥ 7528%&_ ®a
w/o3s ¢ _0Tx00"Y 13/998 _0TxC2'T € 39y qs/T “a
298 ¢yT- p>°8 Y¥T° € "39¥ BA/9T *3
2-0TX9€ " € *3o% e /1 R
295 ,_0TxS6°C 235 ,_0TxS6°C € "39% 8/1 R
- 0Tx0L"8 € *39% e z/1 ¥
998 ¢ _0TxLE°L 998 ¢ _QTxLE"L € 399 o7/t ‘y
N ¢OTxT*/T 4T (0Tx¥8°¢ € ‘398 2 ()v°0 & &
dTIIoK ysyr8uy
?2anog ur311o0/uorienby jue3lsuo)

SNTeA UOTJEeTNWIS

NOILVUIWIS HTI~HN NI @3SN SINVISNOD 40 Z4VWWNAS -°€ TTIIVI

17




1epaod oiaz

pex 611" pex 611" 6 "39d 10J SATI09TTO® 10301 TTBL 9
uotjow Tepad
wo /pel 8Z0° - ‘ut/pe1 T/0°- 6 329 07 9AT2D9TTO0 10301 TTEL 99
W z9° /L 17 0°ST 6 "3°8 JuE3SU0D poUNSSY iy
(389231 "313) *8°2
w GoT* I3 IS - 6 394 ‘wrs 103 pasn (QzG-0- 2T4EBTIEA X
w €6y 13 0°8¢ 6 "¥d juelsuod paunssy mwa
w /0°C 37 6479 - woT3e[NWIS STYl I0F PpIaIBUWLISH Hy
¥OT1S
wd /pex 8600 ° ‘ur/pel ¢Z0° 6 "3°¥ jo -ur 1ad yd3Td 9ATIOITIOD 5y
wo /pel 6010° ‘ut/pea [[T0° 6 "3A }0T3s ITUn/OTTOKD TBI3IE] )
wo/pel /210 ‘ut/pex %7¢0° 6 "I9¢ }oT3S JO ITun/OTTO4D -Buo] Iy
Jes gzge  99s 82570 = 4 ‘snyg
9T'0 = ) g1 pue Kijswoad I8eNUTT y
298 87S° oas 1%y = 9y 193dodTTH TT°4 ieq I9zZTT[Fqe3IS JO 3dNpoid
298 QZ° J9s gz° UOTIBTNUWIS STYL  ©IEP 3IS°3 JySIT3F yoiew 03 pas( 9,
29S8 HHT°0 p0°S v91°0 9y se oues sA/9T 4y
OT119W ysri3ug 22an0§ ur8tio/uorienby Jue3l1su0)

SNTEA UOTIBTNWIS

penurjuo) - NOILVINWIS HI-HA NI ddSi SINVISNOD 40 XHVIWAS

-*¢ 19Vl

18




NAomw\Ev onmm\uwv . .
N YA qT1  z_0Tx%G°*9 7 SB QWES paUNSSY A
J9s/u (938/33) 7 34 , Shdy,
m%llmhlw €1°¢ mPIIAHﬂIIIN|0qum.o pue ‘WTsS STYL " C Aowmumoq ﬁq
z (098 /m) 2 (998/33) ‘urs ¢ o,z A
. —_— . ST I03J *3s 9] d =
N ¢6°0¢ a1 9%9 g3 3 q 3 T a
‘wrs sTy3l
L5/ 2976 2233 157- 103 peseurasa %2399 £ %q
N q1 1
Nﬁumm\av . NAowm\uwv . . 1042 1
I S0°T - (444 7 394 @23%d T a
* (3s93 Yd3eu 03
0 0 -[pe) ‘urs STyl - °1
*(3s93 yolem o3
u/N %" L1 33/41 6°%1 -fpe) “wis STYL -—- "L
*(3s231 yojeu
03 paisnfpe) 9 -~ o c
N.gOTxT"T€ T ¢0Tx0°L ‘WES STUL RATET)Y _staz L A
- (3893 yo3EW /8
] ) 03 paasnfpe) ——— ¥l 0 z
N\HZ L°GE z/19T 0°LT ‘wrs STYL M,HAONV z/1 NAMGVAN d L
4L
W/39S , OTx/T°TC 33/99S , _0Tx9/'9 UOTIETNUTS STYL omeN 'z
w09 1F [9°61 6 °*J°o¥ JUBISUOD PIUWNSSY mma
wQoT e 13 88°9 UOTIBTNWIS STY] I10F PIJPWIISYH mas
OTIJoN ystiduyg
92anog ur8rao/uoriyenby juelsuo)

9NTeA UOTIEBTNULS

penutiuo)y - NOILVTIAWIS HT-HA NI QIS0 SINVISNOD 40 RYVWWAS -°€ dTdVI1

19




109339 punoid 103

9 °3199 Junoooe 031 uoljewrxoaddy 9
vlEp 9HA yo3td oTToLo -8uog
pel Ig0° pel 180" yojew 03 paisnipy — juejsuoo Sur831y AUHm
elEp 9HHY yo311d o1T240 TeId3EBT
pea 9gy0° - PB1 98%0 - yolew o3 paisulpy — 3uejsuod 3ur33Ty AUH<
NAomm\Ev Nﬁuwm\qu I z
— N 16° a1 9010 " uoTIBRTNUIS STYL o0C uel j A
NIdL
S(o9s/mW) 2(995/33) . EIEP 1593 P NIZ O, T t
ov°1 ————— (620 yojew o3 paisnipy 0 S 0= q
N q1 1
(o9s/u) NAumm\uwv BlBp 3S°] 0 o :
SAMMEARSYYE 910" yolew 03 paIsnlpy 06 = GoMs% & i
N qT T
(098 /w) (92s5/33) FIEP 1893 o 0
oy S ggo0° yojew o1 paisnipy 06 = W% & "y
N qt 1
J9s/u (02s/33)
wmlmt vgr S szrio” uorieTNUIS STYL ,0Z uel 'y °y
. SH
z (09s/w) ) 2 (998/313) . elep 313 :uwm& UA SH O, 7T 1
— 8%"1 ——F 10 03 paisnipy 0°'s 4 = H
N q1 1
¢ (998/1) . z(°s/33) . T I
||||M1ll.mm €1 =37 966 Mbmmm swes pauNSSy N
2 (2257 S6°¢T g (925733 $6° GOHuquﬁwwummcm Fw 302 wmumo ¢ B
T a1=33 9 0 rjeTnut UL 0] (] 1
JTAINW ysTtidug
902anog ur8rio/uorienby JuUB31SUO)

9NTEA UOTIBTNUTS

penuriuo) - NOIIVINWIS HT-HN NI QESN SINVISNOD 40 XdVWWIS -'¢ 414Vl

20




Bl®D 09 aa3doo

28-8 9007 233-30Ts 0gyT ~TToH TTog “y
BlRp °*0) a93dod 22
ZU-3% 6€9°4T z33-3nTs 0p8°01 -IT3H TT1°9 1
BlBpP *0) a93dod ££
ZU9-3% 662°/T 233-8nTs ¢g/zt -TT®H TT13g 1
BIBp *0)
XX
Z8-31 g6/¢€ z33-301s 008z  193dooTTeH TTog I
N 869°8¢ qar (wWTs) 00/8
c JulWwe Inses 3710
N Té6e° /L2 QT (PTI®BA) 8ST9 " Taeren
OTI319R yst18uy

321nog ur8rao/uorienbyg Jjueisuo)

9nyeA UOTIEBTNUWTS

PSPRTOU0) - NOILVINWIS HT-HN NI QdSn SLNVLSNOD 40 XYVWWNS

=€ d19V1L

21




feve e
|
T | +Mg T I*‘TTR
+5a |
M —
— 1

HUB FORCES AND MOMENTS
T - ALONG CONTROL AXIS

H - NORMAL TO CONTROL AXIS IN PLANE OF RELATIVE WIND
AND CONTROL AXIS

Y- NORMALTOT,H

+T T
~
o\%
HUB+— +H
/+
+Y \
\
\ | \
' CONTROL
AXIS
SHAFT +Bys +As
AXIS

VIEW LOOKING AFT

NOTE: BODY Z AXIS IS PARALLEL TO MAIN ROTOR SHAFT

Figure 1.~ Characteristic lengths and sign conventions used for forces,
moments and control displacements.

22




UH-1H SN AAB-11519

Fwd. long. step

FLIGHT CONDITION 60 knots

GROSS WEIGHT

ATRCRAFT

CONTROL INPUT

29,371 N (6158 1b)

LONGITUDINAL CG.

MODOE&E L.

e
T seene Y
} 1 s N
4 H 1 —
{ -
+ 18 0 <y
1 T T
M N e . .A“
Him H | R
$H- aney v
THIH i HH R it
1 ! 1 : [ghg{2sagvintipe
it T by gens
T4 el ts
: annbi hpefe ib fod I
e F232¢ TN N Seet LY ‘e
- - S e pes
THHHH T
HHIEH HHE q 4+ FH :
7 ot th !
1.1 H.l. i |
Liss
+ 1.
HE B -
1] : H 8 H
i 18 H +
B 1Y
[1111 11 1 . T ——
1 ; U
: ¥ i H
. g natets
1 141 -
1 } 1 + T 1 008 88
alafety Hit t } . IR [ “ 149 ﬂl(
it ; t & AL
Ll o+ B
o il 1 . 1 T Wit e 1
i 4
e T T HH AU 1
e 1 3 w :iHiH sanar
S ikt 2 1 0i “H4+H +
ERFRH H it

- 41.'4_114”'I “. - .
_H .+.i. IR & l* : " -T - m’l«
- o _.1_ vA.I.r n F.-
: k i )
S | 1%
1§ T T 1
M. i 1 1ET A
q . +-4- xlr”. e P
a2 ot i A A i O
..... T .rl.w : ; A
: = - —+— -0
- . =
< o m.m Q Em
' & S8 Wv © o
(o557 250) %t RN

(a) Rate response.

Figure 2.- Forward cyclic step input.
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(b) Attitude response.

Figure 2.- Concluded.

24




CONTROL INPUT Lat. cyclic step
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Figure 3.- Lateral step input.
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Lat. cyclic step
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Figure 3.- Concluded.
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Figure 4.- Pedal step input.
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Figure 4.- Concluded.
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UP collective
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(a) Rate response.
Figure 5.- Collective step input.
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(a) Rate response.

Figure 6.- Forward cyclic step input.
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Lat. cyclic step
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Figure 7.- Lateral cyclic step input.
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Lat. cyclic step
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R. pedal step
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(a) Rate response.
Figure 8.- Pedal step input.
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Figure 9.- Collective step input.
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